The secreted protein Sonic Hedgehog (SHH) acts in graded fashion to pattern the dorsal-ventral axis of the vertebrate neural tube. This is a dynamic process in which increasing concentrations and durations of exposure to SHH generate neurons with successively more ventral identities. Interactions between the receiving cells and the graded signal underpin the mechanism of SHH action. In particular, negative feedback, involving proteins transcriptionally induced or repressed by SHH signaling, plays an essential role in shaping the graded readout. On one hand, negative feedback controls, in a noncell-autonomous manner, the distribution of SHH across the field of receiving cells. On the other, it acts cell-autonomously to convert different concentrations of SHH into distinct durations of intracellular signal transduction. Together, these mechanisms exemplify a strategy for morphogen interpretation, which we have termed temporal adaptation that relies on the continuous processing and refinement of the cellular response to the graded signal.
F
undamental to embryonic development is the establishment of accurate and reliable patterns of gene expression and cellular differentiation in forming tissues. This usually takes place in a progressive manner resulting in a gradual emergence of the spatial profiles of gene expression. The deployment of morphogens to direct this process raises the question of how cells respond to a graded signal to acquire the appropriate spatial and temporal identity for their position. This question is further emphasized by studies indicating that the duration of exposure as well as the concentration of the morphogen determines the cellular response (Harfe et al. 2004; Pages and Kerridge 2000) , and data revealing that the accuracy of patterning often appears greater than can be accounted for by the precision of the morphogen distribution (Bergmann et al. 2007; Bergmann et al. 2008; Bollenbach et al. 2008; Gregor et al. 2007; Houchmandzadeh et al. 2002; Jaeger et al. 2004) . Whether the mechanism of the response of cells to a morphogen explains the temporal features, the precision and the reliability of tissue patterning needs to be addressed.
A realization is that, in many systems, an active molecular dialogue between the graded signal and the target cells takes place. Both computational modeling and molecular genetics have suggested that this interchange is required for the interpretation of the graded signal and the spatial and temporal precision of the gene expression profiles set by morphogens (Ben-Zvi et al. 2008; Jaeger et al. 2004) . Moreover, the interactions allow target cells to adjust their intracellular response to the signal and to shape the gradient itself (Ashe and Briscoe 2006; Freeman 2000; Gurdon and Bourillot 2001; Ibanes and Belmonte 2008; Jaeger et al. 2008; Pages and Kerridge 2000) . In this view, the patterning action of morphogens is a dynamic process constantly refined by its interpretation. Here, we illustrate this concept using, as an example, the activity of the secreted protein sonic hedgehog (SHH) during the specification of vertebrate spinal neurons. We will discuss how negative feedback, involving proteins transcriptionally regulated by SHH, are essential for the appropriate response of cells to graded SHH signaling and to the progressive elaboration of discrete domains of neural progenitors. Moreover, by buffering the response of cells to fluctuations in the morphogen gradient, these mechanisms are likely to provide robustness and precision on pattern formation by the SHH gradient.
NEURAL TUBE PATTERNING BY GRADED SONIC HEDGEHOG SIGNALING
The vertebrate spinal cord displays a highly organized topology in which distinct neuronal subtypes are generated in characteristic order along the dorsoventral (DV) axis of the neural tube (Jessell 2000) . The identity of these neurons is imposed by specific combinations of transcription factors (TFs) expressed in the progenitor cells from which the neurons derive (Guillemot 2007; Lupo et al. 2006; Zhuang and Sockanathan 2006) (Fig. 1) . In the ventral spinal cord, graded SHH signaling regulates the expression of a subset of these TFs. Collectively, these define six pools of progenitors arrayed along the DV axis, termed floor plate (FP), p3, pMN, p2, p1, and p0 domains ( Fig. 2A,B) (Briscoe et al. 2000; Chiang et al. 1996; Ericson et al. 1996; Lei et al. 2006; Marti et al. 1995; Pierani et al. 1999; Vokes et al. 2007; Vokes et al. 2008; Wijgerde et al. 2002) . These domains emerge in a progressive manner such that the expression of TFs characteristic of increasingly more ventral progenitor populations appear sequentially at the ventral midline of the neural tube (Jeong and McMahon 2005) (Fig. 2C) . The order of appearance of the TFs corresponds with their requirement for increasing concentrations and durations of SHH signaling (Briscoe et al. 2000; Dessaud et al. 2007; Ericson et al. 1997) . This is apparent from ex vivo experiments using explants of chick neural tissue, which showed that two-to threefold increases in the concentration of recombinant SHH sequentially switches the identity of cells towards a more ventral cell fate (Briscoe et al. 2000; Dessaud et al. 2007; Ericson et al. 1997; Roelink et al. 1995) . Similarly, increasing the length of time for which cells are exposed to SHH directs the explants toward a more ventral identity (Dessaud et al. 2007; Ericson et al. 1996) . These features are consistent with a morphogen mechanism of action and raise the question of how progenitor cells interpret the quantitative information encoded by the concentration and duration of exposure to SHH. Here, we will argue that this process is tightly coupled to transcriptional targets of SHH signaling that influence the graded readout of SHH signaling.
Attention has focused on visualizing and measuring the distribution of SHH protein in the neural tube. SHH protein is first secreted from the notochord (Echelard et al. 1993; Roelink et al. 1995) . As this structure regresses, a second center of SHH production is set up within FP cells of the neural tube (Marti et al. 1995; Roelink et al. 1995) . However, this source is only established after the molecular markers of the six ventral neural progenitor domains have been induced, suggesting that ventral patterning may rely primarily on SHH derived from the notochord (Chamberlain et al. 2008; Jeong and McMahon 2005) . Visualization of SHH protein in neural tissue has revealed its long range spread and indicated that most, if not all, progenitors in the ventral neural tube are exposed to SHH (Chamberlain et al. 2008; Gritli-Linde et al. 2001; Huang et al. 2007 ). Accordingly, inhibiting the response of cells to SHH located some distance from the ventral midline blocks their ability to generate ventral gene expression profiles and the associated differentiated cell types Persson et al. 2002; Wijgerde et al. 2002) .
The generation of a mouse SHH allele that encodes a biologically active SHH fused with the green fluorescent protein (SHH-GFP) has allowed a detailed assessment of the distribution and spread of the morphogen through the target field (Chamberlain et al. 2008) . SHH-GFP molecules display punctate patterns of distribution within the neural tube. Intriguingly, these punctae seem to be enriched apically in progenitors and are found close to ciliary basal bodies. The functional significance of this association is unclear. Quantification of the distribution of this fusion protein reveals that the gradient of SHH protein decays exponentially along the DV axis (Chamberlain et al. 2008 ) (see Fig. 5B ). As expected, the most ventral progenitor cells, the FP and p3 domain, are exposed to the highest levels of ligand. Decreased ligand levels are observed across the MN progenitor domain and the levels drop below detectability within the p2 progenitor domain. The amplitude of the SHH-GFP gradient increases as neural tube development progresses (Chamberlain et al. 2008) . As a consequence, cells close to the ventral midline are exposed to higher concentrations of SHH and for a longer period of time than more dorsal cells. (Chamberlain et al. 2008; Danesin et al. 2006) . Thus, the SHH gradient within the ventral spinal cord appears to be continually and actively modified over the course of development. The functional relevance of the dynamic nature of the SHH gradient is suggested by the close correlation between the amount and time of SHH exposure required to generate differential expression profiles in vitro and the timing and spatial patterns of gene induction in the neural tube.
The spread of SHH through the neural tube and the accuracy of its distribution are likely to be a function of the tight regulation of its secretion, diffusion, retention, and degradation by the combined action of multiple proteins (Dessaud et al. 2008; Ingham and McMahon 2001; Varjosalo and Taipale 2008) . Before secretion, SHH is cholesterol-modified at the carboxyl terminus and palmitoylated at the amino terminus and then assembled into a high-molecular-weight complex (Varjosalo and Taipale 2008) . The presence of lipid moieties and formation of the high-molecularweight complex affects the diffusivity of SHH (Zeng et al. 2001 ). In addition, the spread of SHH is influenced by the expression of extracellular and transmembrane proteins that bind to SHH and alter its rate of diffusion or degradation within the target field. Heparan sulfate proteoglycans (HSPGs), components of the extracellular matrix, bind SHH and are likely to contribute to the rate of spread of SHH through the neural tube (Rubin et al. 2002) . Similarly, the extracellular protein You/ Scube2, a positive regulator of SHH signaling, might act by facilitating transport or stabilizing SHH protein within the extracellular matrix (Woods and Talbot 2005) . Besides these SHH binding proteins, which are uniformly present in the neural tube, other factors affecting the spread of SHH display restricted expression patterns. The expression of several of these, including the SHH-receptor Patched 1 (Ptc1), Hedgehog interacting protein (Hhip1), and the proteins Cdo, Boc, and Gas1, is regulated by SHH signaling itself (Allen et al. 2007; Chuang et al. 2003; Goodrich et al. 1996; Goodrich et al. 1997; Jeong and McMahon 2005; Martinelli and Fan 2007; Tenzen et al. 2006; Yao et al. 2006; Zhang et al. 2006 ). Thus, neural cells express many extracellular modulators of SHH and the expression of a subset of these is controlled by SHH signaling. In the following section, we will discuss the function and significance of the SHH regulated subset on the establishment and interpretation of a graded signal.
Regulation of Gli Activity by SHH Signaling is Required for the Graded Response
Two transmembrane proteins mediate the intracellular transmission of a SHH signal, Patched1 (Ptc1), which binds to SHH, and the seven-pass transmembrane protein Smoothened (Smo) (Dessaud et al. 2008; Ingham and McMahon 2001; Varjosalo and Taipale 2008) (Fig. 3) . The binding of SHH to Ptc1 relieves its inhibition of Smo, allowing intracellular signal transduction. Several lines of evidence suggest that Smo activity is necessary and sufficient for transduction of a graded SHH signal in receiving cells. First, the spinal cord of Smo2/2 mouse embryos lacks all cell fates normally generated ventral to the p1 progenitor domain (Wijgerde et al. 2002; Zhang et al. 2001) . Second, a dominant active form of Smo is sufficient to induce, in a cell-autonomous manner, gene expression and cellular differentiation programs characteristic of the ventral neural tube (Hynes et al. 2000) . Third, small molecule agonists and antagonists that directly bind and activate or inhibit Smo, independently of Ptc1 activity, are able to recapitulate the effect of a SHH concentration gradient on the expression of ventral markers in vitro (Dessaud et al. 2007 ). Thus, graded activation of Smo mimics the graded response produced by different concentrations of SHH, indicating that Smo activity is sufficient to explain the graded response of neural cells to SHH.
The molecular cascade acting downstream of Smo activation remains poorly defined but it appears to depend on the primary cilium and the integrity of intraflagellar transport (Eggenschwiler and Anderson 2007) . Ultimately, Smo activity regulates the activity of a family of zinc-finger-containing transcriptional effectors, the Gli proteins (Gli1, -2, and -3) (Matise and Joyner 1999) (Fig. 3) , which are capable of acting both as activators (GliA) and repressors (GliR) of transcription. In the neural tube, the three Gli proteins together control the expression of SHH target genes (Jacob and Briscoe 2003; Vokes et al. 2007; Vokes et al. 2008) .
In the absence of SHH, GliR activity is thought to dominate. This is a result of the degradation of Gli2 protein and the partial proteolytic processing of Gli3 into a truncated isoform, Gli3R, which functions as a transcriptional repressor (Aza-Blanc et al. 2000; Pan et al. 2006; Tempe et al. 2006; Wang et al. 2000) (Fig. 3A) . Thus, in the neural tube, where SHH decreases below the threshold necessary to activate signaling, the transcriptional inhibitory activity of Gli3R is expected to govern responses. In line with this prediction, embryos with a mutation in Gli3 show a dorsal expansion of some markers of the ventral neural tube (Persson et al. 2002) . This phenotype is rescued by an allele of Gli3 that encodes only the transcriptional repressor form of Gli3, demonstrating that the repressor activity of Gli3 is crucial for defining the dorsal extent of the ventral neural tube (Persson et al. 2002) .
In cells responding to SHH, the proteolytic processing of Gli3 is inhibited, resulting in a reduction in the levels of Gli3R. Consistent with this, the inactivation in embryos, of both SHH and Gli3, leads to a partial rescue of SHH null phenotype. The rescue includes the expression of markers characteristic of the p1, p2, and pMN domains (Persson et al. 2002) . A similar result is also observed in embryos that are depleted for all three Gli proteins (Bai et al. 2004; Lei et al. 2004 ) and in embryos lacking both Smo and Gli3 (Wijgerde et al. 2002) . These data indicate that the SHHdependent removal of Gli3 repressor activity is sufficient for the specification of p1, p2, and pMN cell identities. Nevertheless, in the compound mutants that lack SHH and Gli activity, an abnormal intermingling of the different progenitor identities is observed. This suggests that an input from the gradient of SHH is necessary for the accurate patterning and/or the positioning of these cell types.
The response to the highest levels of SHH signaling requires more than the removal of Gli3R activity. Notably, the most ventral cell identities, p3 and FP, require positive Gli transcription activity. In cells exposed to high SHH concentrations, Gli2 degradation ceases, resulting in the accumulation of the full length transcriptional activator isoform (Pan et al. 2006) . In addition, the transcription of Gli3 is repressed and Gli1, which appears to act exclusively as an activator, is induced (Aza-Blanc et al. 2000; Dai et al. 1999; Lee et al. 1997; ; Ruiz i Altaba 1998). Together, these events result in an increase in GliA activity, which might be boosted further by SHH-mediated posttranslational events that enhance the transcriptional activity of Gli1 and Gli2 (Barnfield et al. 2005; Merchant et al. 2004; Pan et al. 2006) (Fig. 3B) . The loss of FP and p3 cells in mouse embryos lacking Gli2 emphasizes the importance of Gli2 in mediating the response to high levels of SHH. This phenotype is exacerbated when the Gli1 locus is also disrupted (Ding et al. 1998; Matise et al. 1998; Park et al. 2000) . Together, these studies lead to the attractive and simple idea that different levels of Gli activity mediate the graded response of cells to SHH. In support of this, gain-of-function experiments indicate that changes in the transcriptional activity of GliA are sufficient to recapitulate the patterning activity of graded SHH signaling (Lei et al. 2004; Stamataki et al. 2005 ).
In addition to the level, the duration of Gli activity also appears to be an essential feature of how cells interpret graded SHH signaling (Dessaud et al. 2007; Stamataki et al. 2005) . The length of time necessary for a dominant active form of Gli3 to induce ventral gene expression correlates with the DV position of expression of the gene in vivo (Stamataki et al. 2005 ). Accordingly, ventrally expressed genes take a longer time to be induced than genes expressed further away from the ventral midline (Dessaud et al. 2007; Stamataki et al. 2005) . In this view, the sequential induction of more ventrally expressed genes is a consequence of a progressive increase in the duration and the level of Gli activity in response to the gradual augmentation in morphogen concentration.
A Temporal Adaptation Mechanism Integrates the Duration and Concentration of SHH Signaling
The mechanism of SHH signal transduction raises the question of how cells integrate temporal variations in SHH concentration to generate distinct quantities and durations of Gli activity. Ex vivo assays indicate that when exposed for short periods of time to either high or low concentrations of SHH, cells generate similar levels of Gli activity and express the same sets of genes (Dessaud et al. 2007 ) (Fig. 6A) . Over time, the levels of Gli activity in cells exposed to a constant amount of SHH decrease such that the rate of decrease is inversely proportional to SHH concentration (Fig. 6A) . In other words, at early time points, relatively low concentrations of SHH are sufficient to activate the highest levels of signal transduction. With increasing time, however, cells become desensitized to ongoing SHH signaling. In this way, cells convert a concentration of SHH into a proportional period of Gli activity. The progressive increase in the length of these periods in response to higher SHH concentration correlates with the sequential appearance of more ventrally expressed genes (Dessaud et al. 2007; Jeong and McMahon 2005) .
These data suggest a novel mechanism-"temporal adaptation"-for how cells interpret a morphogen. In this model, extracellular concentrations of signal are converted into intracellular periods of signal transduction. One feature of this mechanism is that changing the concentration and/or the duration of SHH exposure has a similar effect on gene expression: Reducing either results in a decrease in the duration of intracellular Gli activity. Together with the evidence that increasing levels of Gli activity induce progressively more ventral responses, the data suggest that the induction of a particular DV identity requires Gli activity to be maintained above a specific level for a set period of time. This reconciles previous models of morphogen activity that have emphasized either concentration-or time-dependent mechanisms (Dessaud et al. 2008 Scherz et al. 2007) . A temporal adaptation mechanism transforms both the duration and concentration of the extracellular ligand into corresponding durations and strength of intracellular signaling. Importantly, the way in which cells convert an extracellular concentration of SHH into different durations of intracellular Gli activity depends on negative feedback initiated by SHH-Gli signaling. We will discuss the function and implications of these regulatory loops in the next section.
NEGATIVE FEEDBACK LOOPS INVOLVING SHH BINDING PROTEINS SHAPE THE GRADED READOUT OF SHH SIGNALING
A diverse set of membrane-linked proteins influence the spread of SHH through the neural tube and the response of cells to this signal. These factors transcriptionally respond to SHH signaling and bind to SHH to either enhance or inhibit signal transduction. These proteins can be divided into two categories (Fig. 4) . The first group comprises Cdo, Boc, and Gas1. These enhance signaling, but are transcriptionally down-regulated by SHH signaling (Allen et al. 2007; Martinelli and Fan 2007; Tenzen et al. 2006; Yao et al. 2006; Zhang et al. 2006) . A second category acts as negative feedback regulators. It includes the receptor Ptc1 and the EGF-repeat-containing membrane-linked protein Hhip1, both of which inhibit SHH signal transduction and are transcriptionally up-regulated by SHH signaling (Chuang et al. 2003; Goodrich et al. 1996; Goodrich et al. 1997; Jeong and McMahon 2005; . Together, these two sets of proteins constitute a regulatory feedback system that, as described below, is crucial for the morphogen activity of SHH in the neural tube and is likely to provide robustness and precision to pattern formation.
Feedback Loops Involving Gas1, Cdo, and Boc Initiate the Ventral Specification Program
The related transmembrane proteins Cdo and Boc, as well as the GPI-linked protein Gas1 enhance intracellular SHH signaling possibly by binding SHH and presenting it to Ptc1 (Allen et al. 2007; Martinelli and Fan 2007; Tenzen et al. 2006; Yao et al. 2006; Zhang et al. 2006) . During neural development, Gas1 is initially expressed within ventral progenitors of the spinal cord (Allen et al. 2007) . Its expression in the ventral neural tube is then down-regulated and expression is observed in intermediate and dorsal positions. Cdo and Boc are mainly expressed within the intermediate and dorsal neural tube. The expression domain of Boc extends more ventrally than that of Cdo (Tenzen et al. 2006 ). In addition, Cdo is transiently expressed within presumptive FP cells at the ventral midline of the neural tube at early developmental stages. The repression of each of these genes in the ventral neural tube is likely to be a consequence of their negative regulation by SHH signaling (Allen et al. 2007; Tenzen et al. 2006 ).
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Despite the transience of Cdo and Gas1 expression in the ventral neural tube, their function is essential for the appropriate specification of cellular identities in this region. Null mutations in Cdo or Gas1 result in neural tube phenotypes reminiscent of a decrease in SHH signaling (Fig. 5A) . These are further exacerbated in Shhþ/2 embryos (Allen et al. 2007; Martinelli and Fan 2007; Tenzen et al. 2006) . Furthermore, the neural tube of Cdo2/2; Gas12/2 double mutant embryos lack FP, p3, and pMN cells (Allen et al. 2007 ). Consistent with a positive function of these proteins on SHH signaling, forced expression of any of the three proteins in the chick neural tube promotes the cell-autonomous induction of more ventral cell fates (Allen et al. 2007; Martinelli and Fan 2007; Tenzen et al. 2006) (Fig. 5B) . Together, these studies suggest that Gas1 and Cdo contribute to the generation of an early burst of SHH signaling in the ventral neural tube, perhaps by sensitizing cells to low levels of SHH protein that are presumably present at these times (Allen et al. 2007 ). The SHH dependent inhibition of Gas1 and Cdo expression ensures that this initial boost in signaling is only temporary. Likewise, the dorsal expression of the three proteins might provide a mechanism to enhance sensitivity to low levels of SHH in these regions.
Ptc1 and Hhip1 Feedback Loops Contribute at Multiple Levels to the Accurate Readout of Graded SHH Signaling
In contrast to the proteins described in the preceding section, Hhip1 and Ptc1 are strong inhibitors of SHH signaling (Coulombe et al. 2004; Goodrich et al. 1996; Goodrich et al. 1997; Jeong and McMahon 2005; Ochi et al. 2006; Olsen et al. 2004; Taipale et al. 2002) . In vivo, these factors share overlapping functions to , and pMN progenitor domains and severe reduction and ventral displacement of p2, p1, and p0 identities. Loss of Gas1 (Gas12/2) results in a reduction of the number of p3 cells, reminiscent of a mild reduction in the SHH signaling activity. In contrast to Gas1 and SHH mutant embryos, compound mutant embryos for Hhip1 and Ptc1 display expansion of the ventral most progenitor domains. In the Hhip1 mutant, the p3 progenitor domain increases in size. The other ventral progenitor domains remain unaffected. More dramatically, in Ptc1 mutants, dorsal progenitor identities are absent, with the exception of the roof plate, and most progenitor cells adopt a FP identity. A few scattered cells with pMN and p3 characteristics are intermixed in the most dorsal regions. This phenotype is partially rescued by a transgene expressing Ptc1 ubiquitously at low levels (MtPtc1). Thus, in the MtPtc1;Ptc12/2, the p3, pMN progenitor domains are expanding dorsally. Most strikingly, cells with distinct fates are mixed at the boundaries between the p3 and pMN, and the pMN and the p2 progenitor domains in these compound mutants, indicating a role for Ptc1-mediated feedback in the precision of pattern formation.
V. Ribes and J. Briscoe limit the extent and the level of SHH signaling in the target field. The complete elimination of Ptc1 expression results in derepression of SHH signaling throughout the neural tube and the induction of ventral identities along the entire DV axis (Goodrich et al. 1997) (Fig. 5A ). This phenotype can be partially rescued by expressing ubiquitously low levels of Ptc1 using a metallothionein promoter (Jeong and McMahon 2005; Milenkovic et al. 1999) (Fig. 5A ). In these mtPtc1:Ptc12/2 embryos, the progressive removal of Hhip1 alleles leads to a gradual dorsal expansion of gene expression and cell identities characteristic of the ventral neural tube (Fig. 5A) . Conversely, ectopic expression of Hhip1 or Ptc1 blocks, in a cell-autonomous manner, the establishment of ventral cell types in the neural tube Stamataki et al. 2005) . A similar activity of Ptc is observed in Drosophila tissue patterned by Hh signaling (Chen and Struhl 1996) . In this case, an alteration in the patterning of the surrounding tissue is also observed. This nonautonomous effect is attributable to the ability of Ptc to bind and sequester Hh, thereby altering the local concentration of Hh and restricting its spread through the tissue (Chen and Struhl 1996) . Several experiments support the idea that the activity of Ptc1 and Hhip1 and their regulation by SHH signaling play a similar role in shaping the extracellular gradient of SHH protein in the vertebrate neural tube. The forced expression of a form of Ptc1 that does not bind SHH but retains the ability to inhibit SHH signal transduction (Ptc1 Dloop2 ) identified a noncell-autonomous role for Ptc1 in restricting the dorsal expansion of ventral cell fates (Fig. 5B ). This suggested that SHH dependent up-regulation of Ptc1, or other molecules capable of binding SHH, influences the spatial distribution of the ligand Chen and Struhl 1996) . Similarly, overexpression of Hhip1 results in a noncell-autonomous induction of Pax7, a gene normally repressed by low levels of SHH signaling, in abnormal ventral positions. This is consistent with a local depletion of SHH as a consequence of its sequestration by cells overexpressing Hhip1 (Stamataki et al. 2005) . Direct support for the importance of SHH signaling to limit the extent of SHH spread comes from analysis of the SHH-GFP allele. In embryos mutant for Smo, which lack the ability to respond to SHH signaling, SHH-GFP spreads twice as far as in wild-type embryos (Chamberlain et al. 2008) . The decay length of the ligand gradient is also extended in the absence of Smo, consistent with a disproportionate expansion of the more ventral domains of gene expression in embryos in which Ptc1 and Hhip1 gene dosage is reduced (Jeong and McMahon 2005) . The cell-autonomous inhibition of SHH signaling by Ptc1 and Hhip1 also appears important for the cellular interpretation of SHH signaling in the neural tube. A priori, the transcriptional up-regulation of Ptc1 and Hhip1 by SHH signaling and their ability to cell-autonomously inhibit SHH signaling would result in the gradual desensitization of cells to SHH. Consistent with this, the profile Dloop2 have been ectopically expressed (blue shading). The expression of Gas1, Cdo, or Boc results in a local increase in the concentration of SHH protein, thus ventralizing the fate of cells. Because of the local sequestration of the ligand, SHH is reduced dorsally (blue arrow). As a consequence, the size of pMN and p1 domains are decreased in size. The expression of Ptc1
Dloop2 leads to a cell-autonomous reduction of the response of cells to SHH. A consequence of this is that cells that would normally adopt a p3 identity are transformed to a more dorsal fate. Ptc1
Dloop2 does not sequester SHH protein. Therefore, SHH concentration is increased in a noncell-autonomous manner, dorsal to the Ptc1
Dloop2 expressing region, which leads to the generation of p3 cell fate at a position where pMN is normally generated. of Gli activity induced by directly activating Smo using purmorphamine, a small molecule that functions downstream of Ptc1 and Hhip1, is different from that generated by activating the pathway with SHH protein (Dessaud et al. 2007) . Although activation by SHH produces periods of Gli activity proportional to the SHH concentration, this is not observed with Smo agonists. This suggests that negative feedback upstream of Smo is required for the normal response of cells (Fig. 6A,B) . In addition, inhibition of Ptc1 up-regulation alters the response of cells to defined concentrations of SHH, permitting a lower than normal concentration of SHH to induce more ventral gene expression (Dessaud et al. 2007 ). This indicates that the SHH dependent up-regulation of Ptc1 is necessary for the temporal adaptation of cells to SHH signaling. Together, the data support a model in which the negative feedback loop involving SHH induction of Ptc1 and Hhip1 plays a crucial role in establishing the normal distribution of SHH in the neural tube and converting the extracellular concentration of SHH into an appropriate period of intracellular signaling.
The cell-autonomous and nonautonomous modes of action of Hhip1 and Ptc1 on SHH signaling and their regulation by the pathway constitute a powerful means to generate spatially and temporally restricted patterns of SHH signaling within the target field. The importance of these proteins in the interpretation of graded SHH signaling is illustrated by the progressive increase in the expansion of ventral identities as negative feedback is genetically reduced in mutant mouse embryos (Jeong and McMahon 2005) (Fig. 5A) . The relative contribution that the autonomous and nonautonomous mechanisms make to these phenotypes has yet to be assessed and will require methods that provide a way to correlate the distribution of SHH ligand with ongoing measurements of the activity of the pathway. More generally, these reagents will be important for testing the model of morphogen interpretation and providing a more detailed picture of the dynamics of signaling in the neural tube.
NEGATIVE FEEDBACK AND THE TRANSCRIPTIONAL RESPONSE OF CELLS ARE NECESSARY FOR MORPHOGEN ACTIVITY
Together, the studies of graded SHH mediated patterning of the neural tube have revealed the importance of negative feedback in the Figure 6 . Correlation between the temporal profiles of Gli activity and gene expression profiles in cells exposed to either SHH or the Smo-agonist purmorphamine. (A) Different concentrations of SHH generate distinct durations of Gli activity. Both low (S1) and high (S2) concentrations of morphogen initially induce high levels of Gli activity. Over time, in cells exposed to a low concentration of SHH, the Gli activity drops quickly, whereas at the high concentration of morphogen, Gli activity is maintained at high levels. Consequently, high concentrations of SHH induce Nkx2.2 after transiently expressing Olig2, whereas at the lower concentration, cells maintain Olig2 expression. (B) In contrast to SHH, purmorphamine, a Smo agonist, generates profiles of Gli activity that do not vary as greatly through time. A high concentration (P2) consistently generates higher levels of Gli activity at each time point than a lower concentration (P1). This suggests that the generation of distinct periods of Gli activity by SHH is mediated upstream of Smo. establishment and interpretation of morphogen signaling. On the one hand, this system generates the spatial and temporal dynamics in the cell response to SHH signaling that are essential for the appropriate gene expression responses. On the other, the opposing roles and activity of Hhip1 and Ptc1, versus Gas1, Cdo, and Boc might act as a buffering system to enhance signaling when levels of SHH are low and reduce signaling in cells exposed to high levels of ligand. This may compensate for fluctuations in ligand availability, particularly at early stages of neural tube development, thereby rendering some robustness to gradient interpretation (Chamberlain et al. 2008; Jeong and McMahon 2005) . The role of inhibitors in providing precision and robustness to morphogen interpretation have been clearly illustrated in Xenopus, where chordin, emanating from the organizer, establishes a well-defined, graded activation profile of BMP signaling (Ben-Zvi et al. 2008 ). It appears likely that the negative feedback initiated by SHH-binding proteins has a similar precision-enhancing function during patterning of the vertebrate neural tube. In embryos in which negative feedback is disrupted, patterning appears less precise, such that cells belonging to adjacent progenitor domains are extensively intermixed instead of sharply delimited (Allen et al. 2007; Jeong and McMahon 2005) (Fig. 5A) . Moreover, just as regulatory feedback involving Chordin is important for scaling the patterns of gene expression to the size of Xenopus embryos, Ptc1-and Hhip1-mediated negative feedback appear important for producing ventral progenitor domains proportioned appropriately to the size of the spinal cord (Allen et al. 2007; Jeong and McMahon 2005; Ben-Zvi et al. 2008) .
In addition to the negative feedback relayed by the SHH-binding proteins, the accurate interpretation of SHH signaling depends on further interactions between the genes that respond to the SHH. Studies are beginning to reveal the gene regulatory network (GRN) operating downstream of SHH-Gli signaling and highlight the importance of the regulatory links within the network for determining the appropriate temporal and spatial gene expression profiles (Briscoe and Ericson 2001; Hallikas et al. 2006; Lei et al. 2006; Ribes et al. 2008; Vokes et al. 2007; Vokes et al. 2008) . Two features of the network are almost certainly relevant. First, the Gli proteins appear to directly regulate the expression of several TFs that constitute important functional links within the GRN (Lei et al. 2006; Ribes et al. 2008; Vokes et al. 2007; Vokes et al. 2008) . Selective positive and negative cross-regulation between these proteins and other members of the GRN then contribute to the refinement and the maintenance of gene expression profiles (Bailey et al. 2006; Briscoe et al. 2000) . Second, Gli proteins are likely to cooperate at the level of cisregulatory elements with other TFs of the GRN (Hallikas et al. 2006; Lei et al. 2006; Ribes et al. 2008) , some of which are asymmetrically expressed within the neural tube or activated by other localized signals. This cooperation is an efficient way to create unique combinations of TF activity at distinct locations along the DV axis of the neural tube and thereby increase the diversity of gene responses.
DYNAMIC INTERPRETATION OF MORPHOGEN GRADIENTS
Significant additional work is needed to provide a comprehensive picture of the molecular mechanisms underlying the response of cells to graded SHH signaling and the precision in pattern formation in the neural tube. Nevertheless, taken as a whole, the studies of SHH signaling suggest a novel mechanism to explain the response of cells to a morphogen. Cells appear to integrate both extracellular concentrations and durations of the signal to produce discrete durations of intracellular signal transduction. This reconciles models of morphogen activity that have emphasized concentration dependent responses with those that highlight temporal responses (Pages and Kerridge 2000; Jaeger et al. 2008) . Importantly, this temporal adaptation mechanism means that positional information, as defined in the French Flag model (Wolpert 1969) , cannot be equated solely with a concentration of morphogen. This might also be the case for other morphogens, in which no direct biochemical correlate of position is immediately apparent in a tissue (Jaeger et al. 2008) . Instead, the process of morphogen interpretation is dynamic and one in which a cell constantly refines its response to the signal and in the process of doing so alters the signal itself.
